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Neurons are among the most temperaturesensitive cells in the body (Kiyatkin, 2010; Rango, Arighi, & Bresolin, 2012) . Many critical parameters of neuronal functioning (e.g., conduction velocity, refractory period) covary with temperature, implying coupling between brain temperature and neural processing (e.g., Blessing, Mohammed, & Ootsuka, 2012 Thiessen, 1983a) and optima for neuronal functioning (see Gisolfi & Mora, 2000; Kiyatkin, 2010) . Indeed, the energetic efficiency of action potentials improves with increased temperature within the mammalian physiological range, with optimal efficiency at 37° C (Yu, Hill, & McCormick, 2012) . Even small elevations (3° C-4° C) above this (e.g., because of fever, stroke, or ingestion of drugs such as MDMA [3,4-methylenedioxymethamphetamine] ) can trigger neuronal dysfunction resulting in hallucinations, seizures, and damage (e.g., Brown & Kiyatkin, 2004) . Likely because of these trade-offs, some of the most fascinating thermoregulatory adaptations have emerged in the context of regulating brain temperature (see Blumberg, 2002) .
Other constraints on temperature regulation are imposed from outside the animal. For example, by beginning life in the same locale in which their parents reproduced, most animals inherit basic ecological and climatic conditions and, within that context, select among or create microclimates. Add to this variation from daily and seasonal temperature rhythms, and we can recognize the bases of complex and varied adaptive strategies. In response to seasonal changes, some species migrate; others hibernate, estivate, or become hypometabolic (see Storey, 2015) ; many show season-specific changes in fur density, fat composition, and other metabolic and thermoregulatory phenotypes (Blumberg, 2002) . With respect to daily changes, most species exhibit closely coordinated circadian rhythms of behavior and physiology, thereby optimizing the acquisition, utilization, and conservation (or loss) of thermal energy. For example, on a C H A P T E R 4 5
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Christopher Harshaw, Mark S. Blumberg, and Jeffrey R. Alberts hot summer day a chacma baboon (Papio ursinus) may opt to lounge in the cooler microclimate provided by shade, adjusting its "activity budget" to minimize heat gain and simultaneously maximize compatible behaviors such as grooming and resting (Hill, 2006) . Another example of an exogenous thermoregulatory constraint is the thermal inadequacy of conditions under which laboratory mice (Mus musculus) are often housed and studied: The ambient temperatures commonly maintained in laboratories and rodent vivaria (typically 20° C-22° C), although comfortable to humans, present a significant cold challenge to mice and other small rodents. The result is metabolic stress, particularly when animals are housed alone or with inadequate nesting material (e.g., Gaskill et al., 2012; Gordon, 2004) . In several classic yet largely forgotten studies, individually housed mice showed decreased growth as well as increased incidence of skin disease and tumors compared with mice housed in groups (e.g., Andervont, 1944; Retzlaff, 1939) . Such effects were attributed in part to the thermal and metabolic consequences of group housing (cf. Prychodko, 1958 )-an interpretation supported by recent studies indicating that mice show multiple impairments in immune regulation and cancer defense under typical housing conditions because of cold-stress (Eng et al., 2015; Kokolus et al., 2013 Kokolus et al., , 2014 . Clearly, there is reason for concern that ambient temperature can alter outcomes not only in preclinical cancer studies but also in biomedical and behavioral research more generally (see Maloney, Fuller, Mitchell, Gordon, & Overton, 2014; Messmer, Kokolus, Eng, Abrams, & Repasky, 2014) . Indeed, the previously mentioned danger of MDMA for brain temperature and neuronal survival is similarly modulated by social and ambient thermal context (see Kiyatkin, 2014) .
That temperature is such a pervasive moderator of animal behavior and physiology is unlikely to surprise comparative psychologists, who traditionally attend to details of natural history, ecology, and development (e.g., Beach, 1950; Schneirla, 1966) . Nevertheless, most "translational" research (i.e., focused on relevance to human health; see Gottlieb & Lickliter, 2004 ) is conducted largely without the perspective of comparative psychology. Many investigators view organisms, biological mechanisms, and behaviors as dissociable from biological context (the ecologies and niches in which animals develop and evolve). As highlighted previously, this can lead investigators to overlook critical variables, such as ambient temperature, when considering issues of animal husbandry and experimental design, and when interpreting results (cf. Timberlake, 2004) . For example, Blumberg (2001) noted that psychobiologists working within different domains (e.g., sleep, learning and memory) have often settled on testing infant subjects at air temperatures that provide the best context for eliciting the particular behavior of interest-a case of "reverse-reinforcement" in which the subjects train the experimenters. Nevertheless, when such tweaks of design are ignored when data are interpreted, an inaccurate or skewed appreciation of organismal capabilities can result (Blumberg, 2001; Satinoff, 1991; Timberlake, 2004) .
In the remainder of this chapter, we provide further evidence regarding the fundamental importance of ambient thermal conditions and thermoregulation for comparative psychology, behavioral neuroscience, and related fields. In particular, we advocate for paying close attention to context, including speciesspecific and developmental differences in thermoregulatory niches and adaptations. We review the topic of thermoregulation by first covering basic concepts and terminology important for a comparative understanding of thermoregulatory adaptations. In successive sections, we situate thermoregulation within ecological context, chronobiological and circadian context, and developmental and social context. These are not separate levels of analysis, but rather overlapping and interrelated contexts within which thermoregulatory physiology and behavior must be understood.
THERMOREGULATION: BASIC CONCEPTS
Individuals in most of the popular model species prefer and, if provided a choice, seek a relatively restricted range of thermal conditions.
2 Zebrafish (Danio rerio), for example, prefer ambient temperatures of 24° C-30° C (Lawrence, 2007) .
Adult house mice (Mus musculus) and rats (Rattus norvegicus) prefer temperatures of 26° C-29° C and 24° C-30° C, respectively (see Gaskill, Rohr, Pajor, Lucas, & Garner, 2009; Gordon, 1994) .
3 A survey of all known organisms would nonetheless reveal an impressively large array of preferences (see Figure 45 .1), with niches ranging from 20° C to 120° C. Moreover, an even broader range of temperatures can be tolerated by various species. The upper and lower bounds for such tolerance-beyond which homeostatic regulation fails-are termed the critical temperature minimum and critical temperature maximum (see Terblanche et al., 2007) . As can be seen in Figure 45 .1, species that prefer moderately warm temperatures, inclusive of the ranges previously mentioned, are termed mesophiles. Organisms that prefer the hottest (>80° C) and coldest (<15° C) temperatures (so-called extremophiles) are termed hyperthermophiles and psychrophiles, respectively (see Wintrode & Arnold, 2001) .
Diverse strategies are used to optimize physiology, survival, and reproduction under such varied thermal conditions (see Tattersall et al., 2012) . The most general are ectothermy and endothermy. Ectotherms are organisms that do not produce substantial amounts of heat internally and thus rely on external sources of heat to meet their thermal requirements. Endotherms, on the other hand, possess endogenous means for producing heat (e.g., shivering and nonshivering thermogenesis). For endotherms, temperature preferences are often tied to what is referred to as the thermoneutral zone, or the range of ambient temperatures in which energy expenditure for metabolic heat production (thermogenesis) and heat retention (thermolysis) are at a minimum (Satinoff, 1996) . At thermoneutral air temperatures, body temperatures are thus stabilized, usually above ambient temperatures, and maintained via energetically inexpensive adjustments (e.g., vasoconstriction, vasodilation; Kingma, Frijns, Schellen, & van Marken Lichtenbelt, 2014) .
Importantly, behavior makes critical contributions to thermoregulation. This includes thermotaxic responses (i.e., moving toward or away from heat; Fraenkel & Gunn, 1942) and postural adjustments (e.g., sprawling, curling up), as well as aggregative behaviors such as huddling. In this context, ectotherms are sometimes depicted as passive thermoregulators and endotherms as active thermoregulators (e.g., Balter, 2014) . In fact, both are equally active in using behavior to regulate body temperature (cf. Bogert, 1949; Satinoff, 1996) . For example, reptiles are ectotherms and have long been caricatured as "cold-blooded," yet they use behaviors such as positive thermotaxis (moving toward warmth), basking (heliothermy), burrowing, and aggregating with others of the same species to regulate their body temperatures within narrow limits (e.g., Bogert, 1949; Burghardt, 1988; Dee Boersma, 1982) and to produce fevers in response to infection (see Kluger, 1979) . Humans, on the other hand, are endotherms and yet rely on a diverse external means-including clothing, housing, air conditioning, and drinking of cool and warm liquids-to maintain thermal equilibrium and comfort.
Another common distinction is between heterothermy and homeothermy (see Tattersall et al., 2012) . Homeotherms are organisms that regulate body temperature within relatively narrow bounds, in defense of what is frequently thought of as a single core body temperature (T b ). The word relatively is important here, given that all homeotherms show significant circadian and, frequently, ultradian (shorter than 24 hr) cycles in body and brain temperature (e.g., Blessing et al., 2013; McFarland et al., 2015) . Additionally, there are numerous local and independently regulated body temperatures (e.g., brain, abdominal, muscle, scrotal) that render the notion of a single defended T b misleading (see Blumberg, 2001 ). Heterotherms, in contrast, display more labile body temperatures and regulate T b at more than one level. For example, a heterotherm may regulate T b at a high level during the part of the day or year when it can obtain the most energy from its environment (and often reproduce most successfully) but go into torpor or hibernation-significantly lowering T b , oxygen consumption and energetic requirements-for the rest of the day or year, respectively. 4 The degree to which a particular species or sex (e.g., Cryan & Wolf, 2003) exhibits heterothermy depends on many factors, including body size, the availability of energetic and water resources, and whether or not members of the species hoard food (see Boyles et al., 2013; Hetem, Maloney, Fuller, & Mitchell, 2016) . Many mammals thus exhibit greater heterothermy in winter than spring (e.g., Hetem et al., 2016; McFarland et al., 2015) -a pattern that can be reversed in more equatorial species (Boyles et al., 2013) .
Among the most basic factors affecting thermoregulation are body size, shape, and surface-tovolume ratio (Blumberg, 2002; Porter & Kearney, 2009 ). The surface law describes the inherent geometrical relation between the volume of an object and its surface area: As body size (or volume) increases, the relative surface area of that object decreases. This fundamental law governs numerous biological processes, including gas exchange in the lungs and photosynthesis in the leaves of trees, limits on the size of single cells, and the loss (and gain) of heat from animals of different sizes (Gould, 1966; Thompson, 2014) . It explains why dead elephants take days to cool to room temperature and dead mice only hours. By extension, the law also sets constraints on the relationship between body size and basal metabolic rate (see Schmidt-Nielsen, 1984) as well as the relationship between body size and various aspects of life history, such as reproductive output (see Speakman & Król, 2010) . The high thermal inertia of large animals such as elephants (Elephantidae) and leatherback turtles (Dermochelys coriacea) places them in a distinct thermoregulatory niche; indeed, a large ectotherm like Tyrannosaurus rex could have approximated homeothermy because of its ability to retain heat (Gould, 1966; Sato, 2014) . This fact has given rise to the term gigantothermy to describe the regulatory strategy of such giants (see Paladino, O'Connor, & Spotila, 1990) .
The fine details of morphology also bring thermoregulatory consequences and trade-offs (Davenport, 1992; Porter & Kearney, 2009) . For example, the enlarged ears of elephants and many desert animals, such as the fennec fox (Vulpes zerda), have utility for hearing and heat dissipation (e.g., Phillips & Heath, 2001 ). The conspicuous horns, frills, and antlers of organisms as diverse as bovids, deer (Cervidae), and dung beetles (Onthophagus binodis)-features usually thought of primarily as weaponry-similarly have an important influence on heat exchange and thus brain and body temperatures (e.g., Shepherd, Prange, & Moczek, 2008) . Another example can be seen in the tails of rodents, such as rats and mice; because of the tail's lack of fur and large surface-to-volume ratio, it provides an extremely efficient means of dissipating heat, particularly when combined with mechanisms for selective vasoconstriction and vasodilation (e.g., Dawson & Keber, 1979) . 5 The flattened tails of beavers (genus Castor) similarly serve as a critical radiator of excess heat (Steen & Steen, 1965) . Body composition is also critical for thermoregulation. Integumental features such as layers of fat and blubber serve as insulators, slowing the rate of convective heat exchange with the environment. Muscular activity also contributes to thermoregulation by generating heat through normal use; in addition, muscles are recruited specifically for heat production during shivering in mammals (Hemingway, 1963) as well as preflight and presinging warm-up in insects (e.g., Heinrich, 1993) . Uncoupling proteins (UCPs) are an important and widespread molecular innovation that permits the uncoupling of mitochondrial respiration from ATP synthesis, allowing proton leakage and the release of energy as heat (see Argyropoulos & Harper, 2002) . UCPs make critical contributions to thermogenesis in animals as diverse as bats (Chiroptera), cetaceans, humans, and even some plants. For example, the skunk cabbage (Symplocarpus foetidus) uses UCPs to keep its reproductively vital spadix warm during the cool conditions of early spring (Ito, 1999) , whereas cetaceans and birds use UCPs in their blubber and skeletal muscle, respectively (e.g., Hashimoto et al., 2015) .
Brown adipose tissue (BAT) is a particularly interesting modification of muscle tissue (i.e., it stems from muscle rather than adipocyte progenitors) that uses lipid stores and abundant mitochondria, in conjunction with a particular uncoupling protein (i.e., UCP1), to produce large quantities of heat (Cannon & Nedergaard, 2004) . BAT was originally discovered in bats and other hibernators and thus was long considered a hibernating gland. For example, during hibernation, ground squirrels (Ictidomys tridecemlineatus) rely on UCP1 in BAT and in their neurons, allowing these squirrels to keep their brains warmed to a temperature well above their T b (Laursen et al., 2015) . Nevertheless, BAT is now known to have functions that extend far beyond hibernation, making important contributions to thermoregulation, energy expenditure, and weight regulation under a wide range of conditions (see Cannon & Nedergaard, 2010) . The swordfish (Xiphias gladius), a large pelagic predator that routinely experiences wide fluctuations in water temperature, for example, uses a tissue similar to BAT at the base of its brain to direct heat to its brain and eyes so as to maintain visual acuity (Carey, 1982) .
Surface features such as pigment, feather, fur, and hair can have similarly important consequences for convective and radiative heat transfer (see Davenport, 1992) . For example, in the cold, the fluffing of feathers in birds and fur in mammals traps and immobilizes air and thus significantly improves insulation.
6 Even the sparse hairs on elephant skin influence convective heat transfer (Myhrvold, Stone, & Bou-Zeid, 2012) , much the same as spines do for cacti in desert environments (Nobel, 1978) . The wrinkles and crevices in elephant skin similarly serve not only to increase the total surface area available for heat exchange but also to trap and channel water, thereby improving evaporative heat loss (Lillywhite & Stein, 1987) . By comparison, the relatively smooth skin of dolphins and other small cetaceans minimizes not only drag but also the transfer of heat (Boily, 1995) .
Glandular secretions likewise significantly affect thermoregulation. In species with sweat glands living in hot, dry conditions, fluid excreted as sweat evaporatively cools the body (see Houser, Crocker, & Costa, 2005) . Salivary and nasal glands make similar contributions across a wide variety of species. For example, in dogs (Canis familiaris) and many other nonsweating species, nasal glands secrete fluid during panting, improving the efficiency of evaporative cooling (see Richards, 1970) . Similarly, in species including rats, mice, and other rodents, saliva is secreted copiously under warm conditions and actively groomed into the fur, facilitating cooling (e.g., Stricker & Hainsworth, 1971) . In tortoises (Testudinidae) and other turtles, salivation and urination are used to similar effect (e.g., Riedesel, Cloudsley- Thompson, & CloudsleyThompson, 1971) . 7 In contrast, Mongolian gerbils (Meriones unguiculatus) secrete lipids and pigment from the Harderian glands under cool conditions, which are mixed with saliva and groomed into the fur, facilitating the absorption of radiant heat from the sun (see Pendergrass & Thiessen, 1981) .
Clearly, animals have evolved diverse means for regulating metabolic and thermal exchange with their environments.
8 Despite the likely strong selection for such traits, plasticity in thermoregulatory phenotypes over smaller timescales is common, as it occurs in season-of-birth effects (involving epigenetic programming), acclimatization, and cold adaptation (see Clarke, 1991; Seebacher, 2005; Tattersall et al., 2012) . When bred and reared under cold conditions (e.g., 0° C -5° C), for example, rats and mice show distinct adaptation to cold, including larger body size, shortened tails, and increased thermogenic capacity of BAT (e.g., Nedergaard, Alexson, & Cannon, 1980) . Importantly, such experiencedependent plasticity can produce variation within a given species that is more pronounced than average differences observed between species (Seebacher, 2005 ; see also Chapters 11 and 18, this volume).
Given their potential to trigger adaptive plasticity, laboratory thermal conditions can thus interfere with or even mask the effects of experimental manipulations, including those involving the inactivation or "knockout" of genes (see Feldmann, Golozoubova, Cannon, & Nedergaard, 2009; Gordon, 2004) . For example, when mice with the UCP1 gene inactivated (UCP1 −/− ) were first produced, it was expected that they would be unable to maintain body temperature when cold challenged and that they would also be prone to obesity, because of a loss of energy expenditure via BAT thermogenesis (Feldmann et al., 2009 ).
Compared to wild-types, UCP1
−/− mice did indeed have difficulty when faced with an acute 4° C cold exposure. However, they did not show the expected obesity phenotype (Enerbäck et al., 1997) . Moreover, they were fully capable of adapting to cold if temperature was lowered gradually to 4° C (e.g., Golozoubova et al., 2001) ; this feat was accomplished by the emergence of a supernormal, marathon shivering ability in these animals (Golozoubova et al., 2001 ), albeit at the cost of elevated oxygen consumption and greater oxidative stress (e.g., Stier et al., 2014) . Moreover, when UCP1 −/− mice were reared at temperatures significantly warmer than standard laboratory conditions they became obese, as had originally been predicted (Feldmann et al., 2009) . As this example highlights, thermoregulatory behavior and physiology can only be accurately evaluated in relation to specific thermal and energetic contexts. Importantly, these contexts vary over time (e.g., circadian, seasonal, developmental) as well as with the ecological and social features of an organism's niche.
THERMOREGULATION IN ECOLOGICAL CONTEXT
Different environments present distinct challenges to thermal homeostasis (see Seebacher, 2005 ). Newton's law of cooling states that the rate of heat transfer between a body and its environment will be proportional to the thermal gradient between the two. In natural systems, the steepness of such gradients depends on the nature and speed (bulk motion or advection) of the surrounding medium, usually air or water. Different mediums conduct heat more or less rapidly (e.g., water conducts heat 25x more effectively than air; Tattersall et al., 2012) . At the same time, different levels of bulk motion (e.g., current, wind) influence the thickness of the boundary layer that will separate the animal from ambient thermal conditions. Under conditions of rest and limited airflow, animals on land thus live in and experience a microclimate constituted by the thermal boundary layer-influenced by conduction, evaporative cooling, and so forth-rather than "true" ambient conditions. However, wind or quick motion (e.g., running, riding a bicycle) can rapidly strip away this layer, producing a steeper gradient and more rapid heat transfer (e.g., wind chill; Hill, 2006) .
Within these global constraints, physical resources such as water, sand, soil, rocks, trees, and other plants can become valuable thermoregulatory resources (e.g., as shelters, or thermal refugia, nesting material). The spatial and temporal distribution or patchiness of such resources can thus place significant constraints on thermoregulation. Postural adjustments are often used in conjunction with trees, other objects, and even conspecifics to regulate exposure to wind (e.g., Stelzner & Hausfater, 1986) . Such objects also provide valuable shade under hot conditions and can, additionally, function as critical heat sinks-being warmer or cooler than ambient conditions, depending on season, surfaceto-volume ratio, and other factors. For example, under hot conditions, koalas (Phascolarctos cinereus) more frequently hug the cool trunks of large trees, thereby improving heat loss (Briscoe et al., 2014) . In addition to being used for creating burrows and hibernacula, sand and soil are often used for bathing. That is, just as bathing in water has thermal benefits in a hot environment (e.g., increasing evaporative cooling) bathing in dust or sand can also bring thermal benefits, particularly if the bathing substrate is cooler than ambient air. For example, by sandbathing on hot days, hamadryas baboons (Papio hamadryas) are able to temporarily thwart a rise in body temperature (Brain & Mitchell, 1999) .
For these reasons, the ecosystem and physical landscape (including latitude, altitude, and climate) can dramatically influence thermoregulation. Species living in open habitats (e.g., desert, savanna) must cope not only with high temperatures during the day and higher radiant heat loads, but with large diurnal variation (i.e., far cooler temperatures at night) and a limited supply of thermal refugia and heat sinks, apart from those provided by burrows, sand, soil, and so on. For example, the desert grasshopper (Taeniopoda eques) relies on a combination of postural adjustments (strategically aligning its body relative to the sun) and microclimate selection to achieve thermal homeostasis (Whitman, 1988) . Species in tropical forest environments, on the other hand, must cope not only with high temperatures but also high humidity and reduced bulk motion of air and thus reduced opportunity for convective and evaporative cooling.
THERMOREGULATION IN CIRCADIAN CONTEXT
The evolution of endothermy in mammals and birds carried with it enormous increases in energetic costs and a corresponding need to manage those costs as efficiently as possible. Indeed, citing a need to offset the energetic demands of waking, one of the more popular and persistent theories of sleep-whose complex manifestations are most evident in endothermic mammals and birds-is that it is a state of energy conservation (Berger & Phillips, 1993 ; see also Chapter 29, this volume). The rationale for this theory rests on the intuitive notion that sleep, as a period of rest and relaxation, appears to entail decreased energy use. But appearances can be deceiving and they certainly are in this case. In fact, sleep provides only modest energy savings in relation to wakefulness. Moreover, during rapid eye movement (REM) sleep, energy use by the brain is at wake-like levels.
Sleep, especially REM sleep, has a complex relation to the thermoregulatory system (Heller, 2005) . For example, during REM sleep, thermoregulatory effectors such as panting, shivering, and sweating are profoundly inhibited, rendering the animal functionally but temporarily ectothermic (Parmeggiani, 2003) . It is this feature of REM sleep that likely makes it so sensitive to air temperature: When temperatures are too hot or too cold, transitioning from non-REM to REM sleep is prevented. Moreover, even within a range of thermoneutral temperatures where oxygen consumption is stable, adult rats double their REM sleep time over the air temperature range of 25° C-31° C (Szymusiak & Satinoff, 1981) . The extreme sensitivity of sleep to changes in temperature is perhaps most apparent in small infant mammals whose thermoregulatory capacities are limited compared to those of adults (Blumberg & Stolba, 1996; Sokoloff & Blumberg, 1998) ; maintaining adequate warmth is critical for the neonatal expression of myoclonic twitching during REM sleep, a behavior that is well suited to contribute to the development and refinement of the sensorimotor system (Blumberg, 2015; Tiriac, Del RioBermudez, & Blumberg, 2014) .
Adopting a broad view of the energetics of daily activity cycles, Schmidt (2014) introduced his energy allocation theory of sleep. At the heart of this theory is the notion that various biological processes are best performed during sleep or wake and that animals-on the basis of lifehistory variables such as body size, metabolic rate, reproductive biology, and ecology-have evolved to maximize energy efficiency. Animals thus resolve the inherent energetic trade-offs by adopting one of three general modes of life: sleep-wake cycling, torpor or hibernation, and prolonged wakefulness (Schmidt, 2014) . For animals that cycle between sleep and wake, Schmidt has bypassed the traditional view of sleep as a period of energy conservation, with its associated inadequacies. Instead, he argues, animals that adopt this mode of life use periods of sleep to perform various functions (e.g., cellular repair, memory consolidation) that are not ideally performed during wakefulness (Schmidt, 2014) . This perspective fits nicely with gene expression studies showing that particular subsets of genes are differentially expressed during sleep and wake (Cirelli, Gutierrez, & Tononi, 2004) . For example, genes up-regulated during wake include those associated with metabolism and cellular stress, whereas those up-regulated during sleep include those associated with brain protein synthesis, myelin formation, and synaptic vesicle turnover (Cirelli et al., 2004) .
In contrast with sleep-wake cyclers, some mammals and birds adopt the strategy of daily torpor, in which body temperature is allowed to decrease considerably at the same time each day (Geiser, 2004) . In relation to torpor, hibernation entails larger decreases in body temperature and longer periods of time. Both approaches are nevertheless similar in that they produce substantial energy savings, albeit with costs. Finally, Schmidt considers the mode of prolonged wakefulness to be the most extreme in terms of its energetic burden, but some animals cannot avoid it if they are to accomplish critical tasks. For example, migratory songbirds exhibit prolonged periods of wakefulness during their long flights (Rattenborg et al., 2004) .
THERMOREGULATION IN SOCIAL CONTEXT
Except under very specific laboratory conditions (i.e., germ-free), animals never occur in isolation. Individual physiology and behavior is thus best understood within the context of an organism's overall social ecology, which includes all other organisms with which it interacts-including microbial and parasitic "old friends" (e.g., Rook, Lowry, & Raison, 2013) . Brischoux et al. (2009) recently introduced the term kleptothermy to describe the thermoregulatory strategy use by organisms that steal heat produced by others. The sea krait (Laticauda laticaudata), for example, obtains heat by slithering into the nests of sea birds and can thus be seen as a kind of metabolic parasite (Brischoux et al., 2009 ). Although kleptothermy arguably adds an unnecessary tinge of moralizing to the description of such relationships, the term highlights the intricate metabolic and thermal entanglement of organisms as they occur in natural contexts.
There are, in fact, myriad symbiotic relationships of varying degrees of mutuality that involve metabolic and thermal exchange. For example, mitochondria, the energetic powerhouses of eukaryote cells, entered into the eukaryotic lineage as endosymbionts. Commensal gut microbiota similarly make contributions not just to host metabolism but also aspects of thermal homeostasis in many animals (e.g., Harrison & Hewitt, 1978; Kluger, Conn, Franklin, Freter, & Abrams, 1990) . Megapodes such as the Australian brush-turkey (Alectura lathami) externalize a similar relationship when they gather leaf litter into large mounds and make use of the heat generated by microbial decomposers therein to incubate their eggs (Seymour & Bradford, 1992) . Likewise, the young of many species exist in a state of obligatory metabolic and thermal symbiosis with parents (e.g., J. R. Alberts & Gubernick, 1983 ), a situation that can undoubtedly lead to parent-offspring conflict (e.g., Schino & Troisi, 1998) but can also, in theory, have short-term advantages for parents. For example, by ingesting pup urine and feces, rat dams reclaim vital nutrients that would otherwise be wasted, reducing the need for dams to leave the protection of the nest and burrow to forage (J. R. Alberts & Gubernick, 1983) .
The social lives of animals are thus inextricably linked with their metabolic and thermoregulatory lives (e.g., Allee, 1938) . For example, there is a close coupling between ambient temperature and the allocation of time to social behavior in nonhuman primates (e.g., Hill, 2006; Majolo, McFarland, Young, & Qarro, 2013) . Similarly, there is a close coupling between temperature and both activity levels and agonistic interactions (i.e., aggression) in many species (e.g., Greenberg, 1972) . For example, a study of giant danios (Danio aequipinnatus), a tropical fish, found that changes in water temperature significantly impacted both overall activity levels and aspects of shoaling behavior related to sociality, such as spatial proximity of fish in the shoal (Bartolini, Butail, & Porfiri, 2015) .
W. C. Allee (1931 Allee ( , 1938 was among the first behavioral biologists to include the social environment in his analysis of individual physiology and behavior. One of the key insights achieved by Allee and colleagues (e.g., Allee, 1934; Retzlaff, 1939; Nicolás, Martínez-Gómez, Hudson, Bautista, 2011) was that animals-whether bees, fish, rats, or mice-often fair better in terms of health and fitness when they live in stable and moderately sized social groups compared to small and unstable groups or conditions of social isolation. Although there are many benefits of social proximity (e.g., improved predator detection, increased foraging efficiency), among the most important are reduced homeostatic stress because of reduced exposure to ambient conditions and creation of more favorable microclimates. Numerous examples of such advantages are known, including the improved energetic efficiency of fish when swimming in schools and human cyclists when riding in dense packs (e.g., Marras et al., 2015) . Similarly, a group of huddling individuals functions metabolically as if it were a single larger organism, with increased mass and relatively reduced surface area (Pearson, 1947 )-a situation that results in a reduction in water loss under dry conditions (e.g., Boratyński, Willis, Jefimow, & Wojciechowski, 2015) and heat loss and energy use under cool conditions (e.g., Canals, Rosenmann, & Bozinovic, 1989; Harshaw & Alberts, 2012) . Huddling groups also produce a significantly warmer microclimate-particularly in the center of the group-further reducing exposure to cold (see Satinoff, 1996) .
For these reasons, social thermoregulation via huddling, crowding, and clumping is found in numerous species, including many insects, birds, and rodents (see Gilbert et al., 2010) . Huddling also appears to be common in nonhuman primates, particularly at night and during the winter (see Anderson, 1984) . For example, cold-induced huddling has been documented in baboons (e.g., Papio papio), lemurs (e.g., Eulemur fulvus rufus), galagos (e.g., Galago moholi), and many monkeys (e.g., Macaca fuscata, Rhinopithecus bieti; e.g., Li, Ren, Grueter, Li, & Li, 2010) . Moreover, access to huddling partners appears to be influenced, in many cases, by an individual's social rank or level of integration within the group (e.g., McFarland et al., 2015; Takahashi, 1997) . For example, female vervet monkeys (Chlorocebus pygerythrus) that had more social partners experienced less hypothermia and a reduced 24 h amplitude in core body temperature (i.e., better homeothermy) during cold winter months than females with fewer social partners (McFarland et al., 2015 ; see also Chapter 43, this volume)-benefits almost certainly mediated by nighttime huddling (see . Honeybees (e.g., Apis cerana japonica) similarly rely on social thermoregulation via crowding to survive cold winter conditions (Heinrich, 1981; Stabentheiner, Pressl, Papst, Hrassnigg, & Crailsheim, 2003) .
10
Temperature can also place significant constraints on social signaling and communication (see Ophir, Schrader, & Gillooly, 2010; Thiessen, 1983a) . Chemical, electrical, and acoustic signals travel more rapidly and cover greater distances under warmer ambient conditions (e.g., A. C. Alberts, 1992) . In the case of chemical communication (see Volume 2, Chapter 4, this handbook), temperature also impacts a number of important parameters of chemosensory signals, including quantity released, vapor pressure, and half-life. Honeybees (Apis mellifera carnica) appear to harness such relationships in service of nestmate recognition: Bees entering the hive display intense thoracic heating (up to 2°C) while being inspected by hive guards, whereas guards cool their thoraxes while performing inspections of arriving bees (e.g., Stabentheiner, Kovac, & Schmaranzer, 2002) .
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Importantly, temperature also affects the energetic costs of signaling (see Prestwich, 1994) and the biophysics of the bodies and nervous systems that send and receive signals (e.g., Aronov & Fee, 2012; Thiessen, 1983b) . For example, auditory sensitivity varies significantly with ambient temperature, because of the influence of temperature on multiple components of the auditory system (e.g., cochlea, auditory nerve; see Thiessen, 1983a ). Many species thus exhibit a coupling between ambient temperature and communicative signaling and mating frequency (Thiessen, 1983a) . In crickets (Gryllidae), this coupling is tight enough that the chirping rate of a cricket can be used to estimate ambient temperature (i.e., Dolbear's law; Dolbear, 1897) . In field crickets (Gryllinae), females mate more frequently at warmer temperatures (Kindle, Johnson, Ivy, Weddle, & Sakaluk, 2006) and males, correspondingly, prefer to chirp from warmer locations (and thus at higher rates; Hedrick, Perez, Lichti, & Yew, 2002) . Depending on species, females tend to either prefer males who chirp at rates corresponding to their own body temperatures (see Thiessen, 1983b) or else possess broad frequency tuning, spanning the entire range from which males of their species are likely to signal (e.g., Mhatre, Bhattacharya, Robert, & Balakrishnan, 2011) . A recent study in zebra finches (Taeniopygia guttata) uncovered a similar coupling between temperature and social signaling in that nearly all of the variance in the tempo of male song-relatable to social and circadian context-was explained by variation in brain temperature (Aronov & Fee, 2012) .
THERMOREGULATION IN DEVELOPMENTAL CONTEXT
Just as different species inhabit distinct ecological niches, animals of different ages, within species, often inhabit radically different energetic and thermoregulatory niches. In these cases, organisms often possess adaptations that are specific to a given life stage (i.e., ontogenetic adaptations; see Figure  45 .2; J. R. Blumberg, 2001; Oppenheim, 1981) . Reduced body size compared to adults is among the most significant factors constraining thermoregulation in young organisms. Size can vary even by several orders of magnitude, depending on species. For example, larvae of the Carolina sphinx moth (Manduca sexta) increase in size over 10,000 fold during their first few weeks posthatch, leading to dramatic thermoregulatory differences between larvae of different instars (Woods, 2013) .
Similarly, newborn rats and mice are small, with much larger surface-to-volume ratios than adults, and are also furless, with little capacity for shivering thermogenesis (Blumberg, 2001; Leon, 1986) . The body temperatures of such infants thus fall rapidly if they are isolated and left on their own at cool temperatures. For this reason, infant rodents were historically described as poikilotherms and thought to be incapable of adaptive response to thermal challenge. However, such studies involved testing infants in isolation from critical elements of their speciestypical niche (see Blumberg, 2001 ). For example, the nests, burrows, and other structures use by myriad species, including rats and mice, serve to buffer embryos and infants from heat loss when adults are away from the nest. In multiparous species, such as mice, rats, rabbits (Leporidae), and many birds, infants also huddle vigorously when exposed to cold, reducing their collective heat loss (see J. R. Alberts, 2007; Gilbert et al., 2010) . In fact, groups of infant rats and mice exhibit behavior that individual infants are incapable of-expanding and contracting with increases and decreases of ambient temperature, displaying active group regulatory behavior (J. R. Alberts, 1978; Harshaw & Alberts, 2012) .
In addition to huddling with nestmates, infant rats and mice-like other mammalian infants-typically have large deposits of BAT, particularly in the interscapular region (i.e., between the shoulders). The size of BAT deposits is greatly enlarged in infants relative to BAT deposits in adults, lending support to the characterization of these large BAT deposits as an ontogenetic adaptation to the early postnatal thermoregulatory niche. That is, these BAT deposits buffer infants from cold stress experienced early in development, prior to the emergence of the full suite of adult thermoregulatory adaptations (J. R. Blumberg, 2001) . Although BAT has traditionally been characterized as an exclusively thermal effector, a number of findings suggest that BAT may have thermoregulatory and social functions, particularly in providing a hotspot-generating a steep thermal gradient-that can function as a target for nestmates seeking warmth. Specifically, Sokoloff and Blumberg (2001) found that groups of infant rats with pharmacologically inactivated BAT huddled far less cohesively when challenged with cold. Moreover, in mixed groups of BAT-active and BAT-inactive pups, BAT-active pups huddled preferentially with each other . Similarly, the relative upregulation of BAT in female C57BL/6 mice (a common laboratory strain) was found to result in female pups obtaining significantly more contacts during cold-induced huddling than male siblings (Harshaw, Culligan, & Alberts, 2014) . Interestingly, oxytocin-often regarded as the social hormone-is an endogenous pyrogen (producer of metabolic heat) that influences multiple components of the homeostatic response to cold, including BAT thermogenesis (Kasahara et al., 2013) . Manipulations of the oxytocin system thus impact BAT thermogenesis and huddling cohesiveness in mice (e.g., J. R. Alberts, 2007 ).
An additional developmental issue is how ambient temperature constrains interactions among parents and offspring (see Chapters 35 and 36, this volume). For example, ambient temperature is negatively correlated with the occurrence of mother-infant ventroventral contact in hamadryas baboons, presumably because of its consequences for heat exchange (Brent, Koban, & Evans, 2003) . Ambient temperature also influences the size of nests constructed by pregnant rodents (e.g., Lynch & Possidente, 1978) , the timing of incubation bouts in birds (e.g., Conway & Martin, 2000) , and care for eggs in stickleback fish (Gasterosteus aculeatus; Hopkins, Moss, & Gill, 2011) . In rodents, dams greatly increase their metabolic rate to meet pup nutritive requirements and are thus prone to hyperthermia while lactating (e.g., Scribner & Wynne-Edwards, 1994) . And although the results Copyright American Psychological Association. Not for further distribution.
in rats are controversial (see Leon, Coopersmith, Beasley, & Sullivan, 1990; Stern & Azzara, 2002) , evidence suggests that, at least under some contexts, maternal body temperature can be a limiting factor for the provisioning of care to pups (e.g., Scribner & Wynne-Edwards, 1994) .
The signals emitted by young and responded to by parents can also be temperature dependent. Notably, ultrasonic vocalizations (USVs) produced by infant rodents on separation from the nest (see Chapter 21, this volume), which contribute to pup retrieval by the dam (Farrell & Alberts, 2002) , are highly sensitive to temperature (Blumberg & Alberts, 1997; Harshaw & Alberts, 2012) . Standard procedures for measuring infant USVs involve removing pups from the nest and placing them under isolation at room temperature (20° C-22° C) for 2 to 6 minutes (see Hofer, Shair, & Brunelli, 2002) . However, USV production is substantially reduced when pups are isolated under warm ambient conditions and if care is taken to minimize a fall in body temperature during transfer (Blumberg, Efimova, & Alberts, 1992b; 1992a) . Although alternative procedures for eliciting USVs that may be more closely related to maternal separation rather than thermal stress have been developed (e.g., Shair, Masmela, Brunelli, & Hofer, 1997) , such procedures have not gained widespread adoption and the larger debate on the emotional significance of USVs and the dangers of a too heavily anthropomorphic approach remains largely unsettled (see Knutson, Burgdorf, & Panksepp, 2002 ; see also Chapter 23, this volume).
WARMTH, THERMOTAXIS, AND LEARNING
As many of the preceding examples illustrate, animals exhibit robust behavioral responses to thermal cues across diverse contexts (Fraenkel & Gunn, 1942) . Not surprisingly, when an animal is cold it will generally approach a warm object or location (i.e., show positive thermotaxis).
12 This phenomenon can serve as an entry into considerations of warmth as a positive, rewarding stimulus. Beginning in the 1950s, experimentalists explored the function of warmth as a reinforcing stimulus, most often using operant paradigms. In a seminal study, rats pressed a lever in a small, cold chamber to receive 10 s of warm air delivered through the floor of the apparatus, raising the temperature of the air around them (Weiss & Laties, 1961) . In later studies, such convective warming was replaced by radiant heating with infrared lamps, which provided better thermal control and enabled parametric studies in which stimulus intensity and duration were varied under different ambient challenges. There followed similar Pavlovian-and operant-based studies with birds, fish, and reptiles (e.g., Rozin & Mayer, 1961) .
Developmental analyses appeared more recently. Flory et al. (1997) rewarded day-old rats with 20 s warming, contingent on the pup turning its head to one side. Pups rapidly learned this response, which extinguished when head turning to the originally correct side was no longer rewarded. Nevertheless, when such learning was studied developmentally (i.e., in 1-to 11-day-old rats) an interesting pattern emerged: Day-old pups learned a reversal of the original response, but older pups did not (Hoffman, Flory, & Alberts, 1999a) . Subsequent analyses suggested that it was the newborns' stronger thermotaxic responses that permitted the reversal learning. Hoffman et al. (1999b) took note of the age-related changes in thermotaxis and framed their follow-up investigations in terms of changes in a young mammal's thermal preferences and adaptive learning strategies. In addition to examining learning for warm rewards during cold challenge, they also studied learning for cool rewards during hot challenges. After calibrating the challenges and the reinforcement values, they found that 5-and 10-day-olds could learn to use the head-turning operant response for heating when cold as well as cooling when hot, but the cold stimulus was not as effective a reward with day-old pups. Hoffman et al. (1999b) showed that day-old pups displayed a profound, positive thermotaxis, whereas 5-and 10-day-olds were progressively less taxic on the same thermocline. It thus appeared that the neonate's exaggerated positive thermotaxis compared to older pups was an ontogenetic adaptation.
The roles of thermal stimuli in the learning of social cues have also been studied. Odor learning by young rats and mice is strongly influenced by associations with thermotactile stimulation (see Chapter 21, this volume and Volume 2, Chapter 4, this handbook). This kind of learning was initially identified in studies of olfactory-guided huddling in rat pups. J. R. Alberts and May (1984) implemented a regime of exposures in which experimental odors were paired with different forms of maternal care or elements of maternal care. Preference in choice tests for huddling with scented surrogates (tubes wrapped with acrylic fur) was used as a measure of learning. Potential sources of reinforcement, such as mother's milk, maternal licking, or perioral stimulation from suckling were found to be either unnecessary or ineffective for this form of odor preference learning. The key element for reinforcement was conductive heat exchange, as evidenced by the efficacy of a warm furry tube as the maternal stimulus that induced the huddling preference (J. R. Alberts & May, 1984) . More recently, this procedure was refined and simplified, providing the opportunity to investigate neuroendocrine modulation of learning during huddling (Kojima & Alberts, 2009) . Specifically, nonnutritive, thermotactile stimulation was not only associated with higher levels of hypothalamic oxytocin, but the resultant odor learning was found to be mediated by oxytocin neurons, as it was blocked by intraventricular injection of an oxytocin receptor antagonist (Kojima & Alberts, 2011) . Thus, it appears that neuropeptide circuits, known to support a variety of social behaviors, are highly responsive to thermal cues and may depend on them for establishing some fundamental social preferences.
CONCLUSION AND FUTURE DIRECTIONS
Temperature has a pervasive influence on physiology and behavior-a fact that is perhaps easily forgotten in the context of model species studied under highly controlled laboratory conditions (see Maloney et al., 2014; Messmer et al., 2014) . The niches that organisms inhabit and within which they develop and evolve are characterized by myriad thermal and energetic constraints, many of these-outside of the laboratory-driven by the nested daily and seasonal cyclicities inherent in the terrestrial ecosystem. The interaction of the size, shape, structure, and metabolism of the organism with the physical and social environment is key to identifying and understanding thermoregulatory constraints as well as to making meaningful comparisons between species (e.g., Maloney et al., 2014; Speakman, 2013) . As we have illustrated, organisms show myriad and diverse adaptations-morphological, physiological, and behavioral-in the face of such constraints. These are tied closely to the climates and ecosystems within which animals find themselves and often vary as a function of social context and over the course of development (Allee, 1938; Blumberg, 2001) .
Many emerging research domains stand to benefit from a comparative understanding of thermoregulation. For example, there is growing interest in the relevance of mitochondrial functioning, neural bioenergetics, and brain temperature to cognitive functioning in disorders ranging from mitochondrial disease, to autism, Parkinson's disease, and depression (e.g., Rango et al., 2014; Klinedinst & Regenold, 2015) . There is also growing interest in the effects of climate change (i.e., global warming) on physiology, behavior, and survival. This includes understanding the effects of temperature change on phenotypic development (e.g., Seebacher & Grigaltchik, 2015) , how rising temperatures may exacerbate neurobehavioral toxicity of anthropogenic contaminants (e.g., Little & Seebacher, 2015) , and whether and to what extent behavior may, in cases, mitigate deleterious consequences of such change (e.g., McFarland, Barrett, Boner, Freeman, & Henzi, 2014; Rojas et al., 2014) . Given the wide range of behaviors and phenotypes known to be sensitive to ambient temperature (e.g., social behavior, parental care, obesity, sleep, aggression, susceptibility to cancer), climate change can be predicted to bring many and varied consequences for wild populations. Some of these may nevertheless be more drastic or easily observable, at least initially, for ectotherms than endotherms (e.g., on dispersal; Sheldon, Yang, & Tewksbury, 2011) . For example, in reptiles and amphibians, the ambient temperature experienced prenatally can significantly affect not only the overall rate of development and viability of the embryo but also a range of phenotypes of critical importance for fitness and survival, including sex determination, mate-choice, and, vulnerability to predation (e.g., Putz & Crews, 2006; Seebacher & Grigaltchik, 2015) . By the same token, climate change may affect a given species more drastically during particularly ontogenetic phases, depending on the details of life history, growth trajectory, and so forth (see Huey et al., 2012) .
Mechanistic understanding of these questions will thus require careful comparative work and animal modeling (e.g., Naviaux et al., 2015) , with close attention paid to species-, age-and contextspecific differences in thermoregulatory and metabolic phenotypes. As recent evidence shows, many experimental manipulations-including those resulting in thermoregulatory and metabolic " deficits"-have observable phenotypic consequences only in the context of specific ambient temperatures (e.g., Cannon & Nedergaard, 2011) . At the same time, alterations of temperature have numerous consequences for brain and behavior that hinge critically on the fine details of social, developmental, and physical context (Kiyatkin, 2014) . Comparative psychologists have the potential to play a critical role in exploring these and many other issues related to animal behavior in our diverse and changing thermal world.
